Introduction
In order to treat atherosclerosis the clinical intervention of balloon angioplasty is frequently applied. Thereby, the arterial wall is circumferentially overstretched due to the inflation of a catheter. Microscopical damage is induced into the arterial tissue during this procedure, which results in a softening of the material. Many phenomenological models are proposed in the literature to describe this softening behavior. However, the underlying microscopic mechanisms that are responsible for this effect are not completely understood. In [3] a sliding filament model is proposed, which states that PG bridges can store reversible strains only in a domain where a critical threshold is not yet exceeded. In the present study we refer to this model and introduce a damage formulation, in which the fraction of ruptured PG bridges is evaluated according to statistical distributions of microscopic parameters of the collagen fibers. Then the derived damage model is applied to a numerical example within a finite element framework.
Methods
The damage model is incorporated into the constitutive framework published in [1] , which is based on the concepts of continuum damage mechanics and internal variables. Therein, the collagenous tissue is described as a fiber-reinforced material and remaining strains in the fiber direction can be modeled. Within this framework a decoupled representation of the strain energy is taken into account with contributions of the matrix material and the two families of fibers. The matrix material is assumed to be neoHookean, whereas for the fibers transversely-isotropic energies Ψ ti (a) are defined by means of the structural tensors. The (1 − D)-approach is incorporated into an internal function P (a) in order to account for the remaining strains in the fiber direction, i.e.
Here, m denotes an external monotonically increasing function. The internal function P (a) depends on the right Cauchy-Green tensor C and the damage variable D.
(a) and c is the value of this function in the undeformed state. Note, that the subscript (a) stands for the associated fiber family. Specifically, we focus on the explicit strain energy function for the fibers given by
with the function K (a) 3 = tr[CofC(1−M (a) )] and the structural tensor M (a) = a ⊗ a; a is the fiber direction. The damage variable is evaluated by integrating the probability density function ϑ associated to the considered microscopic parameter over the bounds y l and y u of the regime of ruptured PG bridges
The bounds are related to a domain, where the PG stretch λ pg exceeds a maximally sustainable value λ sust pg . They are, therefore, evaluated as solutions of the equation λ pg − λ sust pg = 0. A domain of active PG bridges is defined by the inequality
In order to determine the PG stretch from a macroscopic deformation λ fib of the collagen fiber, the following expres- Figure 2 : Distribution of the normalized damage variable D (1) /maxD (1) in the artery at an internal pressure of 82 kPa; taken from [2] .
sion is derived based on considerations concerning a simplified fibril-proteoglycan microstructure, i.e.
As can be seen, besides the macroscopic fiber stretch two more parameters enter the equation for the PG stretch. The angle α denotes the initial PG orientation and L = (L cf − L ov )/d 0 can be interpreted as an internal length parameter of the collagen fiber, wherein the initial collagen fibril lengths L cf , the initial overlap between collagen fibrils L ov , and their initial distance d 0 to each other enter. A statistical distribution of α is taken into account and the respective material response is adjusted to cyclic tension tests of the media of a human carotid artery by means of an optimization procedure. As can be seen in Fig. 1 the representation of the experiment by the model is accurate. The obtained parameters are used in a finite element calculation, wherein a circumferential overstretch of a simplified atherosclerotic artery considering five different layers is numerically simulated. Figure 3 : Distribution of the fiber stretch λ
fib under physiological blood pressure (24 kPa) (a) before and (b) after circumferential overstretch; taken from [2] .
Results
In Fig. 2 the normalized damage distribution after a circumferential overstretch obtained by applying a supraphysiological internal pressure is depicted. Figure 3 shows the distribution of the fiber stretch at a physiological load level before and after the overstretch.
Discussion
Due to the results we may conclude, that a statistical distribution of PG orientation has a strong influence on the damage behavior since a reasonable representation of experiments is observed. During the simulation of the circumferential overstretch high damage values occurred in the healty media, as also found in [1] . Remaining strains at a load level of p=180mmHg are observed after the overstretch which are typically also present due to the overstretch occurring during balloon angioplasty.
